Fluorescence imaging is the most widely used method for unveiling the molecular composition of biological specimens. However, the weak optical emission of fluorescent probes and the trade-off between imaging speed and sensitivity 1 are problematic for acquiring blur-free images of fast phenomena, such as sub-millisecond biochemical dynamics in live cells and tissues 2 , and cells flowing at high speed 3 . Here, we report a technique that achieves real-time pixel readout rates that are one order of magnitude faster than a modern electron multiplier charge-coupled device-the gold standard in highspeed fluorescence imaging technology 4 . Termed fluorescence imaging using radiofrequency-tagged emission (FIRE), this approach maps the image into the radiofrequency spectrum using the beating of digitally synthesized optical fields. We demonstrate diffraction-limited confocal fluorescence imaging of stationary cells at a frame rate of 4.4 kHz, and fluorescence microscopy in flow at a velocity of 1 m s 21 , corresponding to a throughput of approximately 50,000 cells per second.
Fluorescence imaging is the most widely used method for unveiling the molecular composition of biological specimens. However, the weak optical emission of fluorescent probes and the trade-off between imaging speed and sensitivity 1 are problematic for acquiring blur-free images of fast phenomena, such as sub-millisecond biochemical dynamics in live cells and tissues 2 , and cells flowing at high speed 3 . Here, we report a technique that achieves real-time pixel readout rates that are one order of magnitude faster than a modern electron multiplier charge-coupled device-the gold standard in highspeed fluorescence imaging technology 4 . Termed fluorescence imaging using radiofrequency-tagged emission (FIRE), this approach maps the image into the radiofrequency spectrum using the beating of digitally synthesized optical fields. We demonstrate diffraction-limited confocal fluorescence imaging of stationary cells at a frame rate of 4.4 kHz, and fluorescence microscopy in flow at a velocity of 1 m s 21 , corresponding to a throughput of approximately 50,000 cells per second.
The spatial resolution of modern fluorescence microscopy has been improved to a point such that sub-diffraction-limited resolution is routinely possible 5 . However, the demand for continuous, sub-millisecond time resolution using fluorescence microscopy remains largely unsatisfied. Such a real-time fluorescence microscope would enable the resolution of dynamic biochemical phenomena such as calcium and metabolic waves in live cells 6, 7 , action potential sequences in large groups of neurons [8] [9] [10] , or calcium release correlations and signalling in cardiac tissue 11 . High-speed microscopy is also invaluable for imaging biological cells in flow. Flow imaging can quickly perform high-throughput morphology 3 , translocation 12 and cell signalling 13 analysis on large populations of cells. However, as fluorescence imaging frame rates increase towards the kilohertz range, the small number of photoelectrons generated during each exposure drops below the noise floor of conventional image sensors, such as the charge-coupled device (CCD).
The desire to perform high-speed, low-photon-number imaging has been the primary driving force behind the development of the electron multiplier CCD (EMCCD) camera. EMCCDs use onchip electronic gain to circumvent the high-speed imaging signalto-noise ratio (SNR) problem. However, although EMCCDs can exhibit 1,000-fold gain, the serial pixel readout strategy limits the full frame (512 × 512 pixels) rate to less than 100 Hz. A photomultiplier tube (PMT) can provide 1,000 times higher gain, 10 times lower dark noise and 50 times higher bandwidth than EMCCDs, but they are not typically manufactured in a large-array format. This limits the utility of PMTs in fluorescence microscopy to point-scanning applications, in which the speed of serial beam scanning limits the overall frame rate 14 .
Because of their parallel readout architecture, scientific complementary metal-oxide-semiconductor (sCMOS) cameras exhibit low readout noise and pixel readout rates up to 50 times higher than EMCCDs, including line scan readout rates of 100 kHz. However, the internal gain of EMCCDs ultimately makes them more attractive than sCMOS cameras for the lowest light fluorescence imaging applications 4 . Both technologies are widely used in high-speed fluorescence microscopy, but neither has a sufficient line readout rate to perform blur-free imaging of cells at the metre per second flow velocities typical of flow cytometry.
Here, we present fluorescence imaging using radiofrequencytagged emission (FIRE) microscopy, a radiofrequency communications approach to high-speed fluorescence microscopy, which combines the benefits of PMT sensitivity and speed with frequency-domain signal multiplexing, radiofrequency spectrum digital synthesis, and digital lock-in amplification to enable fluorescence imaging at kilohertz frame rates. FIRE uses radiofrequency multiplexing techniques from the field of communication to address the speed limitations of fluorescence imaging, much in the same spirit as stretch-time encoded amplified microscopy (STEAM) 15 makes use of time-and wavelength-division multiplexing to enable high-speed bright-field imaging.
The central, defining feature of FIRE is its ability to excite fluorescence in each individual point of the sample at a distinct radiofrequency. Digitally synthesized radiofrequency 'tagging' of pixels' fluorescence emission occurs at the beat frequency between two interfering frequency-shifted laser beams. Similar to frequencydomain multiplexing in wireless communication systems, each pixel in a row of a FIRE image is assigned its own radiofrequency. In a two-dimensional FIRE image, pixels are analogous to points on a time-frequency Gabor lattice. A single-element photodetector simultaneously detects fluorescence from multiple pixels, and an image is reconstructed from the frequency components of the detector output, which are resolved using parallel lock-in amplification in the digital domain. A diagram of the experimental implementation of the FIRE microscope is shown in Fig. 1 . A detailed description is included in the Methods. Figure 2 shows the typical output of the FIRE microscope. The detected time-domain signal ( Fig. 2a) is a Fourier superposition of the radiofrequency-tagged emission from a row of pixels. The time-resolved frequency spectrum, calculated using a short-time Fourier transform, (Fig. 2b) , reveals the frequency components associated with the positions of the sample within the row. The vertical locations of the sample are recovered from the reference output of the 2.2 kHz resonant scan mirror, and the final image is formed (Fig. 2c) .
To demonstrate FIRE microscopy on biological samples, we imaged adherent cells stained with various fluorophores at a frame rate of 4.4 kHz. NIH 3T3 mouse embryonic fibroblasts, C6 astrocyte rat glial fibroblasts and Saccharomyces cerevisiae yeast were stained with a fluorescent cytosol stain (Calcein AM) or nucleic acid stain (Syto16). Figure 3 shows image crops of cells, taken with both the FIRE microscope and a conventional widefield fluorescence microscope based on a 1,280 × 1,024 pixel CMOS camera. The frame rate difference of nearly three orders of magnitude is mitigated by the gain of the PMT detector combined with digital lock-in amplifier image demodulation. When comparing single frames in this example, it should be noted that the intensity per pixel of the FIRE excitation is 10 times that of the wide-field excitation. However, the total excitation energy incident upon the sample per pixel per frame in the FIRE images is 100 times less than in the wide-field images. To demonstrate the ability of two-dimensional FIRE to record fluorescent dynamic phenomena, we imaged fluorescent beads flowing at a velocity of 2.3 mm s 21 inside a microfluidic channel (Supplementary Movie S1). Flow cytometry is another application of high-speed fluorescence measurement. Compared to single-point flow cytometry, imaging flow cytometry provides a myriad of information that can be particularly useful for high-throughput rare cell detection 16 . The high flow velocities associated with flow cytometry demand fast imaging shutter speeds and high-sensitivity photodetection to generate high-SNR, blur-free images. Commercial imaging flow cytometers available from Amnis Corporation use time delay and integration CCD technology to circumvent this issue, but the serial pixel readout strategy of this technology currently limits the device to a throughput of approximately 5,000 cells per second (http://www.amnis.com/imagestream.html) 17 . To overcome the Poisson statistics inherent to detecting rare circulating tumour cells in millilitre samples of blood, higher throughput is needed 18, 19 . To demonstrate high-speed imaging flow cytometry using FIRE, we used a single stationary line scan of 125 pixels spaced by 800 kHz (pixel readout rate of 100 MHz, line scan rate of 800 kHz), and imaged Syto16-stained MCF-7 human breast carcinoma cells flowing in a microfluidic channel at a velocity of 1 m s 21 . Assuming a cell diameter of 20 mm, this velocity corresponds to a throughput of 50,000 cells per second. For comparison, we also imaged Syto16-stained MCF-7 cells in flow at the same velocity using a frame transfer EMCCD in single exposure mode (512 × 512 pixels). As shown in Fig. 4 , although the high sensitivity and gain of the EMCCD together yield a reasonable SNR image, the camera's minimum exposure time of 10 ms and its frame transfer nature create significant blur at these flow velocities. In contrast, the FIRE line scan shutter speed of 1.25 ms yields blur-free images with comparable SNR.
Other approaches to frequency-domain fluorescence imaging have been reported previously [20] [21] [22] [23] . However, the kilohertz-bandwidth, mechanical modulation schemes used in these works do not provide the sufficiently high pixel readout rates required for sub-millisecond imaging. This implementation of FIRE features pixel readout rates in the 100 MHz range, but this rate can be directly extended to more than 1 GHz through the use of widerbandwidth acousto-optic deflectors 24 . FIRE's maximum modulation frequency, and thus maximum pixel readout rate, is intrinsically limited by the sample's fluorescence lifetime. If the excitation frequency is less than 1/t l , where t l is the fluorescence lifetime of the sample, the emitted fluorescence will oscillate at the excitation frequency with appreciable modulation 1 . Furthermore, beat-frequency modulation is critical to the speed of FIRE; the beating of two coherent, frequency-shifted optical waves produces a single radiofrequency tone, without any harmonics that can introduce pixel crosstalk and reduce the usable bandwidth. Because the FIRE system is designed so that every pixel is spatially resolved at the diffraction limit, beating of the excitation light from two adjacent pixels generates a fluorescence signal at the comb spacing frequency. However, this frequency lies out of the image band and does not produce pixel crosstalk. With respect to blur-free imaging of fast phenomena in samples such as living cells, the speed of the fastest dynamic event that can be imaged is determined by the maximum allowable sideband frequency (half the comb spacing). In the FIRE system reported here, the fastest line scan shutter speed is 1.25 ms (800 kHz comb spacing), which allows for the capture of pixel dynamics with frequency content up to 400 kHz (see Supplementary Information) .
The flexibility afforded by digitally synthesizing the amplitude and phase of the radiofrequency spectrum provides complete, real-time control over the number of pixels, pixel frequency spacing, pixel non-uniformity and field of view. Because PMTs inherently have smaller dynamic range than CCD or CMOS technologies, maximizing this quantity per pixel is critical to the performance of FIRE. Specifically, phase-engineering the excitation frequency comb enables the dynamic range of each pixel to scale as D/ M √ , where D is the dynamic range of the PMT, and M is the pixel-multiplexing factor 25 . This is in contrast to the case where all excitation frequencies' initial phases are locked, which yields images with a dynamic range of D/M. Although FIRE fundamentally presents a tradeoff in dynamic range for speed, it improves in sensitivity when compared to single point scanning fluorescence microscopy, as multiplexing the sample excitation by a factor of M yields an M-fold increase in the dwell time of each pixel. However, owing to the parallel nature of detection, FIRE shares shot noise across all pixels in a row. This causes the shotnoise-limited uncertainty at each pixel to scale with the square root of the total number of photons collected from all pixels in a line scan. The extent to which this effect degrades the SNR at each pixel depends inversely on the sparsity of the sample (see Supplementary Information) .
Beat frequency multiplexing is also applicable to other types of laser scanning microscopy, including two-photon excited fluorescence microscopy. Perhaps most notably, because emission from each pixel is tagged with a distinct radiofrequency, FIRE is inherently immune to pixel crosstalk arising from fluorescence emission scattering in the sample-the effect that typically limits the imaging depth in multifocal multiphoton microscopy 26 . In combination with fast fluorophores 27 , FIRE microscopy may ultimately become the technique of choice for the observation of nano-to microsecond timescale phenomena using fluorescence microscopy.
Methods
FIRE performs beat frequency excitation multiplexing by using acousto-optic devices in a Mach-Zehnder interferometer (MZI) configuration. As shown in Fig. 1 , the light in one arm of the MZI is frequency shifted by a 100 MHz bandwidth AOD, driven by a comb of radiofrequencies, phase-engineered 28 to minimize its peak-toaverage power ratio. The AOD produces multiple deflected optical beams with a range of both output angles and frequency shifts 24 . Light in the second arm of the interferometer passes through an acousto-optic frequency shifter, driven by a single radiofrequency tone, which provides a local oscillator (LO) beam. A cylindrical lens is used to match the LO beam's angular divergence to that of the radiofrequency comb beams. At the MZI output, the two beams are combined and focused to a horizontal line on the sample, mapping frequency shift to space. Because fluorescent molecules in the sample function as square-law detectors of the total optical field, fluorescence is excited at the various beats defined by the difference frequencies of the two arms of the interferometer. Fluorescence emission from the sample is detected by a PMT in a confocal configuration, using a slit aperture to reject out-ofplane fluorescence emission. A resonant scan mirror performs high-speed scanning in the transverse direction for two-dimensional imaging. Given the finite frequency response of fluorophores, the LO beam frequency shift is chosen to heterodyne the beat frequency excitation spectrum to the baseband to maximize the usable modulation bandwidth. This is necessary because AODs typically operate over an upshifted, sub-octave passband to avoid harmonic interference 24 . Direct digital synthesis (DDS) of the radiofrequency comb used to drive the AOD defines each pixel's excitation by a specific radiofrequency and phase, resulting in phase coherence between the radiofrequency comb and the detected signal 29 . This phase coherence enables image demultiplexing using a parallel array of phase-sensitive digital lock-in amplifiers, implemented in Matlab. FIRE's parallel readout results in a maximum pixel rate equal to the bandwidth of the AOD. The electron multiplier gain was adjusted to produce maximal image SNR, and the EMCCD vertical shift time was set to the minimum value of 564 ns. Blur is observed in the image due to the long exposure time and the frame transfer nature of the EMCCD. c, Representative wide-field fluorescence images of stationary MCF-7 cells. All scale bars, 10 mm.
